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DOUBLE-PASSAGE ACOUSTO^OPTICAL DEVrc^^ AND LASER 



BACKGROUND OF THE INVENTION 

The present invention relates generally to a double-passage acousto-optical 
device, that is, an acousto-optical device through which light passes twice, and 
specifically to various optical filters, wavelength add/drop devices, and lasers that are 
constructed using the double-passage optical device. 

It is known to use optical fibers to send optical information-carrying signals for 
long-distance communication. 

Optical telecommunication systems are known that use wavelength division 
multiplexing (WDM) transmission. In these systems several channels, i.e. a number of 
independent transmission signals, are sent over the same line by means of wavelength 
division multiplexing. The transmitted channels may be either digital or analog and are 
distinguishable because each of them is associated with a specific wavelength. 

The Applicant has observed that known WDM communication systems are limited 
as concerns the number of channels, i.e. the independent wavelengths that can be used 
for transmission within the wavelength band available for signal transmission and 
amplification. 

In order to combine and separate signals with different wavelengths—to combine 
the signals at the transmission station, for example, to drop some toward receivers 
located at intermediate nodes of the line or to introduce others at intermediate nodes or 
to send them to separate receivers at the receiving station-adjacent channels (in 
wavelength terms) must be separated by more than a minimum predetermined value. 

Said minimum value depends on the characteristics of the components employed 
in the system, such as the spectral characteristics of the wavelength selective 
components (e.g. bandwidth, center-band attenuation, figure of merit) and the 
wavelength stability (thermal and temporal) of the selective components themselves and 
of optical signal sources. 

In particular, the Applicant has observed that the spectral selectivity of currently 
available wavelength selective components may greatly limit the possibility of adding and 
dropping signals in multichannel transmission systems, particularly when there are 
signals with closely spaced wavelengths, e.g. separated by less than 2 nm. 

In optical filtering, either in optical communication systems or for other purposes, 
double-stage optical filters are advantageous, because their filtering performance is 
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— increased" corn pa red tb~a filter having the same characteristics. Acousto- 

optical filters are known that provide for the interaction between light signals, propagated 
in waveguides formed on a substrate of birefringent and photoelastic material, and sound 
waves propagated on the surface of the substrate. The sound waves are generated by 
5 suitable transducers and are initially supplied by radio frequency signals. 

The interaction between a polarized optical signal and a sound wave produces a 
polarization conversion of the si gnal, in other words, a change of the polariza tiop ^rnm itg 
transverse electric TE component to its transverse magnetic TM component, which are 
orthogonal to each other, and vice versa. Following this interaction with the sound wave, 

10 the polarization components undergo not only the conversion to the corresponding 

orthogonal components, but also a frequency shift whose absolute value is equal to the 
frequency of the interacting sound wave (and therefore equal to that of the applied radio 
frequency signal). The sign of the frequency shift is a function of the state of polarization 
and of the direction of propagation of the sound wave with respect to the optical wave. 

15 In addition to their use as pure filters, acousto-optic devices have also been used 

as tuning devices for lasers. To Applicants* knowledge, however, conventional acousto- 
optic devices used as filters or tuners for lasers have generally employed either a single- 
stage acousto-optic substrate using a single pass of light through the device or have 
employed multiple stages of cascaded acousto-optic filters that are constructed on 

20 separate physical substrates. 

For example, EP Application 97113188.3 describes an acousto-optic device 
including a substrate of a material capable of propagating a surface acoustic wave along 
a portion of the surface of the substrate, a transducer for generating the surface acoustic 
wave, an optical waveguide formed in a substrate, and an acoustic absorber surrounding 

25 the portion of the substrate. 

EP 0814364 A1 describes a double-stage acousto-optical waveguide device. 
FIG. 12 shows a switch, or add/drop node comprising, in addition to a third polarization 
conversion stage 303, a fourth polarization conversion stage 403. The fourth 
polarization conversion stage 403 is connected to an input polarization splitter 404 and to 

30 an output polarization splitter 405. In turn the splitter 405 is connected to the polarization 
splitter 204 by means of the connecting branch 210 and to the lateral waveguide 255. 
The ports 19, 20, 21 and 22 are connected to the line. The polarization splitter 404 is 
connected to input ports 25 and 26 through which the signals to be added or subtracted 
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are introduced and signals to be added or subtracted are also introduced through the 
ports 23 and 24. 

US 5,61 1,004 discloses a polarization independent acousto-optical tunable filter 
(AOTF). The patent describes in its FIG. 6 an embodiment where two stages of signal 
5 filtering are realized with only one transducer 43 on the substrate 31 . Two stages of 

filtering are realized by passing the incoming beam of light through the AOTF a first time, 

rcflocting th e b e am of l ight off of a m i rror 67 a n d then p assi ng the beam of l i ght through 

the same AOTF a second time. A band pass filtered representation of the original beam 
of light is obtained at a circulator output 71 of an optical circulator 69 located at the input 
1 0 of the embodiment. 

US 5,452,314 describes an acousto-optic tunable filter with a pair of electrodes 
on opposite sides of the waveguide. The patent discloses the use of a voltage source in 
which an applied electric field controls the birefringence of the filter, and a tunable laser 
incorporating such an acousto-optic tunable filter. Suitably adjusting the potential 
15 applied by the voltage source results in suppression of sidelobes, correction of 

asymmetric sidelobes, and compensation for physical variations in the waveguide. 

US 5,002,349 and EP 805372 describe single converter acousto-optic tunable 
filters. The '349 patent discloses an acousto-optical converter that allows multiple stages 
of such converters so as to provide for two-stage zero-frequency shifted converters and 
20 filters, lasers using an acousto-optic filter as a tuning element, polarization-independent 
converters, and wavelength-division-multiplexing routing switches. 

"Acoustically tuned erbium-doped fiber ring laser" by ID.A. Smith et al., Optics 
Letters , vol. 16-6, March 15, 1994, describes a continuously tunable laser that uses an 
acousto-optic filter to achieve a broad tuning range. "Acoustically tunable Ti:Er:LiNbO- 
25 Waveguide Laser" by I. Baumann et al., ECOC '94, vol. 4, pp. 99-102 describes a 

waveguide laser comprising a double-stage wavelength filter utilized as a narrow-band 
tunable optical amplifier. 

WO 98/1 1463 discloses, with reference to its FIG. 7, an embodiment that can 
alleviate the polarization sensitivity of a null coupler acousto-optic tunable filter by 
30 simultaneously applying two acoustic waves. The null coupler is made from two optical 
fibers with diameters that are mismatched to the extent that the resultant coupler gives 
an extremely small passive coupling efficiency. The coupler is made by pre-tapering one 
of the two identical single-mode fibers along a short length before both fibers are fused 
and elongated together to form the coupler. 
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in the devicenof WO~98/T1^^^ hot pretapered 

excites only the fundamental mode in the narrow waist of the coupler. Light in the other 
fiber excites only the second order mode. When the acoustic wavelength matches the 
optical beat length of the two modes in the waist, resonant coupling takes place between 
5 them. After light enters the device at port 1, both polarization components are coupled to 
port 2 but undergo different upshifts in frequency. After propagating through a loop of a 
polarization independent isolator, light of each pola rization re-enters the coupler and is 
coupled a second time, exiting through port 4 with a frequency downshift. 

In contrast, devices that use polarization converters as opposed to modal 

10 converters as in WO 98/1 1463 use two separate waveguides with birefringent material 
rather than fused fiber couplers. In the fiber coupler arrangement, the optical signal 
passes through only a single waveguide and conversion region. The modal coupling 
device in WO 98/1 1463 also faces a high polarization sensitivity that requires two 
separate radio frequencies to overcome. 

15 Applicants have discovered that double-stage acousto-optic filters having 

polarization converters as opposed to modal converters provide a lower than desired 
level of filtering for optical signals due to the physical layout of the configuration. In 
particular, Applicants have observed that in conventional double-stage optical filters, it 
may be difficult to match the filter characteristics of the two stages, particularly when the 

20 stages are located physically apart. Similarly, Applicants have discovered that matching 
the temperatures of the two stages may present difficulties as well. Further, two 
separate stages may require separate driver frequencies for their respective acousto- 
optical devices, which may be mismatched, and therefore must be separately calibrated. 

25 SUMMARY OF THE INVENTION 

Applicants have noticed that the amount of filtering attainable with an acousto- 
optic filter depends significantly on the configuration chosen for the filter and its affiliated 
components. Particularly, Applicants have identified that a single pass and single stage 
acousto-optic filter provides insufficient filtering performance. As well, a two-stage filter 
30 integrated on a single substrate introduces numerous manufacturing challenges and 
risks in properly balancing the temperature and stability between the two stages. 

Applicants have, therefore, developed an inventive acousto-optic filter and laser 
using the filter for double-pass and single stage operation. The filter of the present 
invention enables single temperature control (no temperature difference between two 
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Stages), a single radio frequency control, reduction to half of the electro-acoustic 
transducers and of the radio-frequency power with respect to a double-stage device, less 
overall size, narrower bandwidth, snd Suitabiliiy for use as a filter with notch output and 
as an add/drop device. As well, this filter provides the capability of eliminating frequency 
5 shift and wavelength shift, if necessary, and performing an effective polarization 

independent device, and the capability of eliminating frequency shift eve n when the radio 

frp>q ^ |f>nr y nn thpi twn rnnw ^l His; i s; r iffrVarpnT 

In one aspect, a double-passage acousto-optical device includes an acousto- 
optical switch including first and second polarization conversion regions both coupled 

10 between first, second, third, and fourth optical ports, together with an optical combination 
coupled between the second and third optical ports that includes an optical isolating 
element. Preferably, a first optical splitter is positioned between the first and fourth 
optical ports and the first and second polarization conversion regions, where the first 
optical splitter has cross and bar transmission respectively for orthogonal polarization 

15 components of received light. Also, a second optical splitter is preferably positioned 
between the second and third optical ports and the first and second polarization 
conversion regions, where the second optical splitter has cross and bar transmission 
respectively for orthogonal polarization components of received light. 

More preferably, the double-passage acousto-optical device consistent with the 

20 present invention includes an upper transducer within the acousto-optical switch 

acoustically coupled to the first polarization conversion region and coupled to an RF 
source, where the upper transducer generates a first acoustic wave in the first 
polarization conversion region that has a characteristic frequency determined by the RF 
source. As well, the double-passage acousto-optical device further includes a lower 

25 transducer within the acousto-optical switch acoustically coupled to the second 

polarization conversion region and coupled to the RF source, where the lower transducer 
generates a second acoustic wave in the second polarization conversion region that has 
the characteristic frequency with a propagation direction opposite to a propagation 
direction of the first acoustic wave. 

30 In another aspect, a tunable laser generator that uses an acousto-optical device 

includes an acousto-optical switch having first and second polarization converters 
coupled between first, second, third, and fourth optical ports, a first optical half-ring 
coupled between the first and fourth optical ports and including an optical amplifier, and 
a second optical half-ring coupled between the second and third optical ports and 
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including an optical isolating element. The laser includes a~^la¥er~outp~ut coTJp^^^ 
positioned within the first optical half-ring. Preferably, the tunable laser generator has an 
optical isolating element in the first half-ring. Preferably, one or both of the first half-ring 
and the second half-ring consist of polarization-maintaining elements. Alternatively, one 
5 or both of the first half-ring and the second half-ring includes a polarization controller 
Preferably an RF generator is coupled to the first and second polarization converters for 

tiininr) thp> lagf^r cjP^f\e^j^fnr 

Preferably, the tunable laser generator further comprises a first optical splitter 
positioned between the first and fourth optical ports and the first and second polarization 

10 converters, the first optical splitter having cross and bar transmission respectively for 
orthogonal polarization components of received light. Advantageously it further 
comprises a second optical splitter positioned between the second and third optical ports 
and the first and second polarization converters, the second optical splitter having cross 
and bar transmission respectively for orthogonal polarization components of received 

15 light. 

Preferably, the tunable laser generator further comprises an upper transducer 
within the acousto-optical switch acoustically coupled to the first polarization converter 
and coupled to an RF source, the upper transducer generating a first acoustic wave in 
the first polarization converter and having a characteristic frequency determined by the 

20 RF source. In an embodiment, it further comprises a lower transducer within the 
acousto-optical switch acoustically coupled to the second polarization converter and 
coupled to the RF source, the lower transducer generating a second acoustic wave in 
the second polarization converter and having the characteristic frequency with a 
propagation direction opposite to a propagation direction of the first acoustic wave. 

25 According to a different, alternative, embodiment the first and second polarization 

converters are positioned in sufficient proximity that the first acoustic wave travels in both 
the first and second polarization converters. 

In another aspect of the present invention, a method of filtering an optical 
frequency using an acousto-optical device includes the steps of providing at least one 

30 acousto-optical switch including first and second polarization conversion regions coupled 
between first, second, third, and fourth optical ports; injecting an input optical signal 
having a plurality of wavelengths into the first optical port; feeding-back an intermediate 
optical signal including a subset of the plurality of wavelengths from the second optical 
port to the third optical port via an optical isolating element; and extracting an output 
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" " optical signal including the subset of the plurality of wavelengths from the fourth optical 
port. Preferably, the method further includes the step of extracting a remainder of the 
plurality of wavelengths from the second optica! pert via the opiicai isoiating element, 
wherein the optical isolating element is an optical circulator having at least three ports. 
5 Alternatively, the method further includes the step of inputting additional wavelengths to 
the device via the optical isolating element. Alternatively, the method can further 

comprise the step o f rnntro ll in g th^ pfr ^^sn ^ ^ W >r l ir i=> intArmf^matA npriral signal, nr the 

step of maintaining the polarization of the intermediate optical signal using polarization- 
maintaining components. 

10 More preferably, the method consistent with the present invention includes the 

steps of splitting the input optical signal into TE and TM initial components within a first 
optical splitter on the switch; passing the TE initial component to the first polarization 
conversion region; passing the TM initial component to the second polarization 
conversion region; orthogonally converting the TE initial component of the input optical 

15 signal having a selected frequency to a TM intermediate component in the first 

polarization conversion region; and orthogonally converting the TM initial component of 
the input optical signal having the selected frequency to a TE intermediate component in 
the second polarization conversion region. Alternatively, the method further includes the 
step of combining the TE and TM intermediate components into the intermediate optical 

20 signal or combining the TE and TM initial components into the intermediate optical 
signal. 

Also preferably, the method includes, after the feeding-back step, the steps of 
splitting the intermediate optical signal into TE and TM feedback components within a 
second optical splitter on the switch; passing the TE feedback component to the first 

25 polarization conversion region; passing the TM feedback component to the second 
polarization conversion region; orthogonally converting the TE feedback component 
having the selected frequency to a TM final component in the first polarization 
conversion region; and orthogonally converting the TM feedback component having the 
selected frequency to a TE final component in the second polarization conversion region. 

30 Alternatively, the method further includes the step of combining the TE and TM final 
components into the output optical signal or combining the TE and TM feedback 
components into the output optical signal. 

Applicants note that in the double-passage acousto-optical device according to 
the present invention, the filter characteristics are always matched and aligned; there is 
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no need for temperature matching; and only a single driver frequency is needed for the 
acousto-optical filter therein. 

!t is to be understood that both the foregoing general description and the 
following detailed description are exemplary and explanatory only and are not restrictive 
5 of the invention, as claimed. The following description, as well as the practice of the 
invention, set forth and suggest additional advantages and purposes of this invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and constitute a part of 
10 this specification, illustrate embodiments of the invention, and together with the 
description, explain the advantages and principles of the invention. 

FIG. 1 shows schematically a bandpass filter according to an embodiment of the 
invention. 

FIG. 2 shows an acousto-optical switch of an embodiment of the present 
15 invention. 

FIG. 3A shows diagrams of the characteristic curves of an acousto-optical filter of 
the type shown in FIG. 2. 

FIG. 3B shows diagrams of the characteristic curves of the device of FIG. 1 . 

FIGS. 4 and 5 show schematically two drop filters according to another 
20 embodiment of the invention, each of which uses an optical circulator. 

FIG. 6A shows schematically an add/drop filter according to another embodiment 
of the invention, which uses two optical circulators. 

FIG. 68 is an alternate embodiment that uses a closed optical circulator. 

FIG. 7 shows schematically an add/drop filter according to another embodiment 
25 of the invention, which uses an optical circulator. 

FIGS. 8 and 9 show schematically two devices according to another embodiment 
of the invention, each of which uses two parallel acousto-optical stages and an optical 
circulator. 

FIG. 10 shows schematically a device according to another embodiment of the 
30 invention, which uses three parallel acousto-optical stages and an optical circulator. 

FIG. 1 1 shows an acousto-optical filter with a single converter. 

FIGS. 12 and 13 show schematically two devices according to another 
embodiment of the invention, each of which uses an acousto-optical device with a single 
converter. 
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FIGS. 14 and 15 show schematically two devices according to another 
embodiment of the invention, each of which uses two parallel acousto-optical stages with 

p «;inale converter. 

-- ~ - ^ - 

FIG. 16 shows schematically a device according to another embodiment of the 
5 invention that uses a device with three parallel stages with a single converter. 

FIG. 17 shows schematically a laser according to another embodiment of the 

i nv e nt i on. ■ 

FIGS. 18, 19, 20 and 21 show schematically four different configurations of a 
laser according to other embodiments of the invention. 
10 FIG. 22 shows schematically a laser according to another embodiment of the 

invention that uses polarization-maintaining fibers. 

FIG. 23 is a diagram of the emission spectrum of a laser according to the 
invention that uses a PIRAOS-150 X acousto-optical filter. 

FIG. 24 is a diagram of the variation in time of the emission peak of a laser 
15 according to the invention. 

FIG. 25 is a diagram of the emission spectrum of a laser according to the 
invention in the less stable condition. 

FIG. 26 is a diagram of the tuning curve of a laser according to the invention, 
showing the emission wavelength as a function of the acoustic frequency. 
20 FIG. 27 is a diagram of the total emission power of a laser according to the 

invention during the tuning. 

FIG. 28 is a diagram of the deviation of the tuning characteristic of a laser 
according to the invention, found experimentally by the theoretical interpolator. 

25 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Reference will now be made to various embodiments according to this invention, 
examples of which are shown in the accompanying drawings and will be obvious from 
the description of the invention. In the drawings, the same reference numbers represent 
the same or similar elements in the different drawings whenever possible. 
30 As generally illustrated in FIG. 1, a double-passage acousto-optical device 

consistent with the present invention includes an acousto-optical switch having a first 
polarization conversion portion connected between first input and output ports, and a 
second polarization conversion portion connected between second input and output 
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ports; and'an~optical combination connected between the first output port and the second 
input port and including an optical isolating element. 

The double passage acousto-optical device disclosed in the following is adapted 
for use in an optical communication system, in particular a WDM optical transmission 
5 system comprising a plurality of optical sources for generating optical signals at different 
wavelengths, a combiner for sending the plurality of signals to a common optical path 
comprising an optical fiber line and optical receivers for the Ri gnaig Thf^ Hnnhie p .-T is i Rrig p 
acousto-optical device can be used in the above optical transmission system, for 
example, to separate one or more than one channel from the remaining transmission 

10 channels and/or from noise (filtering), to separate signals having different wavelength to 
different optical paths (drop) or to add to the optical fiber line optical signals at one or 
more selected wavelength (add). 

In reference to FIG. 1, an acousto-optical device generally referred to as 10, 
comprises an input optical fiber 3, by which optical radiation is introduced from an 

15 external source (not shown), connected to a first input port 202 of an acousto-optical 

switch 8. Switch 8 is connected to a radio-frequency generator 6. A first output port 205 
of the acousto-optical switch 8 is connected to a optical isolator 7, whose output is 
optically connected or coupled to a polarization controller 9. An output of the polarization 
controller 9 is coupled to a second input port 203 of acousto-optical switch 8. A second 

20 output port 204 is coupled to an output fiber 2 of acousto-optical device 10. By the term 
"coupled," it is meant that two physical devices are joined by a common optical path and 
possibly, although not necessarily, physically adhered. Applicants use the terms 
"coupled" and "connected" interchangeably in describing the invention, and those of skill 
in the art will appreciate that the various components identified herein need not be 

25 physically attached to each other to provide the optical coupling that assists in achieving 
the beneficial results of the invention. 

The optical fibers interconnecting the various components described may be 
monomode optical fibers of type 9/125 (where 9 represents the diameter of the core, and 
125 represents the diameter of the cladding of the fiber in microns). Such an exemplary 

30 fiber may have its core doped with germanium and have a numerical aperture (NA) of 

about 0.13. Other well-known transmission fibers would suffice as well to transfer optical 
signals to acousto-optical device 10. 

The polarization controller 9 comprises a plurality of optical fibers disposed in 
succession and supported in such a way that they can be orientated with respect to a 
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common axis of alignment to provide the desired polarization control. Devices of the 

type indicated are marketed h„ r.cn m a °^ 

' "r-'-^^i^, iviM I tKiALS TECHNOLOGY Ltd 

suitable to be used ,„ the present invention are the HP-1,89e and the HP-8169 

descnbed for adjusting the opticai Mul. r tolicn may alternatively be used 

trans.il '"""^"^ POlan^ation ofthe 

rdrn::zr„n2:~ 

.SOI tors equivalent to those described may a«emative,y be used The iso to 7 can b. 
used to set the direction oHravel otthe radiation in acousto-optical devi"7 

The radio-frequency generator 6 driving the acousto-optical filter has freauencv ' 

wavelength ofthe output optical radiation (for example. 1515 nm < x < 1555 nm) 

Acousto-optical switch 8 within device 10 is a 2x2 filt»r.h=.- , ■ 
0. wavelength and has a response independent c:::Lt'^^^^^^^ 
se e« cpt.a, signals between the two inputs 202 and 203 and the ZlZ^.Z^ 

20 signair"'"""^'^^^^^^^^^ 

By means of control signals (not shown), it is possible to chanoetb», ■ 
s.a.eof3*haforaseiectedwave,engthinoneoflmode:.trw 

205 and connects second input port 203 to second output port 204 Alter„=,- 7! 
mode may be used, which connects *st Input port 202 to sTccndlpZ; ^ ^nT 
connects second putput port 204 to first output oort 2ns tk 

also symmetrica',,- in the sense tha't in bi t . -°-'o-oplica, s»tch 8 is 

it is possible .0 exchanoe the r h "^""^^ 
the oUon ofTe " '"^ ^"-^ c^-ging 

-twee:;;:;": - >^ 

and Photoelastlc Tnd °" ^ '"^^'^^'^ °' ^-"'"^-t 

and .enerated~'; ui abl^^^^ °" '^^ """^ -^'-'e 

The interaction blre a 1, ^'»nals. 
between a polanzed optical signal and a sound wave - -Muces a 
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An acousto-optical switch 8. in one particular embodiment, suitable for the 
purposes of the-invention; is shown in FIG. 2. The filter comprises a sub^^tf^glmade 
from birefring^andiphoreeiastic rEjaterial. consisting of lithium niobate (LiNbOa). Two 
optical waveguide branches 102 and 103. connected to the two ports 202 and 204, are 
formed in the substrate 101. Two selective polarization elements 104 and 105, a 
conversion stage 108, and two output optical waveguide branches 106 and 107, 
connected to the ports 2Ui and 2 U b, a i e aloo form ed i n the substrate 101. 



The selective polarization elements 104 and 105 preferably consist of polarization 
dividers, formed by.zero-gap wave directional couplers. These comporrents can 
separate tvoBECorrespolTding polanzations supplied to a common input^t)Mo-t\wo?ioutput 
waveguides, and also combine two corresponding polarizations supplied to two ^separate 
input waveguides into a common output waveguide. In particular, each of polarization 
elements 104 and 105 comprises a central optical waveguide 109 and 110 respectively, 
and corresponding pairs of input and output waveguides 1 1 1 , 112. 113, 114, 115, 116, 
117, 118, respectively. These selective polarization elements are symmetrical; in other 
words their behavior does not change if the input optical waveguides are used as output 
guides aa^tudcetwsaesa. 

Conversion stage 108 within switch 8 comprises two cor\vre¥s1o'n regions, referred 
to in the course of the present description as the upper converter U and the lower 
converter L. The upper converter U comprises an optical waveguide branch 119 
connected to the output guide 115 of the polarization divider 104 and to the input 
waveguide 1 14 of the polarization divider 105. Upper converter U also comprises the 
acoustic waveguide 121. The lower converter L comprises an optical waveguide branch 
120 connected to the output guide 1 16 of the polarization divider 104 and to the input 
waveguide- 1 13 of the polarization divider 105. Lower converter L also;comprises the 
acoustic waveguide 122. 

A sound central cladding 129 separates acoustic waveguides 12-1. and 122. Two 
piezoelectric transducers 123 and 124, which are connected to the radio-frequency 
generator 6 in FIG. 1 by means of a radio-frequency splitter (not shown), are formed by a 
pair of interdigitated electrodes. Transducers 123 and 124 can generate a surface 
sound wa\ee;at;radio frequency and are positioned within acoustic waveguides 125 and 
-126, respectively. Acoustic waveguides 125 and 126;communicate with acoustic 
waveguides 121 and 122, respectively, in such a v/ay as to form acoustic couplers. 
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polarization conversion of the signal, in other words a change~ofthe-polari 
TE (transverse electric) component to the TM (transverse magnetic) component, which 
lare orthogonal to each other, and vice versa. Following this interaction with the sound 
wave, the polarization components undergo not only the conversion to the conesponuing 
5 orthogonal components, but also a frequency shift. This shift has an absolute value 
equal to the frequency of the interacting sound wave (and therefore equal to that of the 

f:ipp|jor| rndi'^-fr^T i ftncy signal). As well, the frequen cy shift has a sign that is a function 

of the state of polarization and of the direction of propagation of the sound wave with 
respect to the optical wave. Table 1 summarizes these relationships. 

10 

TABLE 1 





Propagation 


Polarization 


Collinear 


Contra-linear 


TE 


+ 




TM 




+ 



The radio frequency used to feed the two transducers within switch 8 is the same, 
so the frequencies of the acoustic wave, and the frequency shifts induced in the two 
15 converters, are the same magnitude. Both converted polarizations then, out of a single 
passage through the filter, show an equal frequency shift, +fRF or -fpF, the sign 
depending on the port of input (port 204 or 203 for plus, port 202 or 205 for minus, 
referring to FIG. 1). 

In these acousto-optical filters, it is possible to tune the spectral response curve 
20 by controlling the frequency of the sound waves, which) enables the selection of the 

signals to be modified without changing the wiring of the components. These acousto- 
optical components can also be used to switch and simultaneously select radiation at 
various wavelengths, if the sound wave propagating on the surface of the substrate is 
the superimposition of different sound waves. Such switching and selecting can occur 
25 because the acousto-optical filter carries out the combined selection of the signals at the 
wavelengths corresponding to the frequencies applied simultaneously to the electrodes 
of the electro-acoustic transducers. 
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The sound waves generated by the electro-acoustic transducers 123 and 124 
propagate along the corresponding parallel acoustic guides 121 and 122 in opposite 
directions and in such a way that they can interact with the electromagnetic waves that 
propagate in optical guides 119 and 120. The sound waves are then coupled to portions 
5 of acoustic guides 127 and 128, respectively. Sound absorbers 130 at the termination of 
acoustic guides 127 and 128 prevent reflection of the sound waves. 

Pat e nt app li cat i on EP 97113188.3 i n th e nam e of the App li cants descr i bes an 

acousto-optical device suitable, for example, for use in the device shown in FIG. 1. An 
acousto-optical filter suitable for use in the present invention and of the same type as 

10 that described above is, for example, the PIRAOS-150X produced by the Applicants, 
Usually, a plurality of tunable 2x2 switches (generally four) that are wavelength 
selectable, are constructed in parallel on the same substrate, and independently usable. 
In addition, the end-faces (that is, the faces connected to the ports of the acousto-optical 
switch 8) are slant-polished (about 6°) or they have an anti-reflecting coating to avoid 

15 any back reflection. Of course, operationally similar devices may alternatively be used 
for the acousto-optical switch 8 of the present invention. 

FIG. 3A is a diagram of the characteristic curves of the PIRAOS-150X switch. 
From FIG. 3A, it will be seen that the depth of the cut-off curve, called the notch, is at 
least 18 dB, and the selection curve of the filter has a peak of 20 dB, both at a band 

20 center frequency of 1545 nm (for the specific radio frequency supplied). The operation 
of this device depends on the operating temperature, and therefore a heat regulation 
system using Peltier cells (not shown) is provided for each of the waveguides in which 
the polarization conversion takes place. The PIRAOS-150X device is generally kept at a 
stable temperature of 25'*C. 

25 Another characteristic parameter of these devices is the PDL (polarization 

dependent loss) which represents the difference between the losses occurring in the 
switch as a result of the two orthogonal polarizations TE and TM. The values of the 
further characteristic parameters of the PIRAOS-150X acoustic-optical filter will now be 
given. 

30 Switching frequency: - 174.9 MHz (for 1545 nm) 

RF power: 18.6 dBm; maximum losses: 6 dB 
PDL: <0.5dB 
Cross talk: <-20 dB 
Tuning slope AAVAf: -8.2 nm/MHz 
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Temperature coefficient AAVAT: -0.9 nm/°C 

Switching bandwidth at -3 dB: 2.3 nm 

Switching bandwidth at -10 dB: 4.2 nm 

Side lobe level: < -19 dB. 
5 The two converters L and U are in practice slightly different in the absolute value 

of the wavelength at which conversion happens for a given radio-frequency value. For 
th n nr.niir . tn - npt i r rnm^p rg i nn i n fant h o lds the relation: 

2k , In (1) 



where A«^^ is the difference between the effective refraction indexes in the optical 

10 waveguide (that is the birefringence in the guide), X is the wavelength at which the 
conversion happens, and a is the acoustic wavelength. 

For variations due to the fabrication process, the actual value of the birefringence 
is different in the two guides where conversion takes place for the two polarizations. 
With the sound wavelength (the radio frequency) the same, what results is a different 

15 conversion wavelength, Xu and X,l for the two converters, upper U and lower L. The 
difference A>.= \k\^ - Xl| is normally in the order of 0.2 nm. The two converted 
polarizations are present then at the filter output with slightly shifted spectra, which 
normally causes a light widening of the overall filtering curve. 

Acousto-optical device 10 shown in FIG. 1 can operate as a bandpass filter. 

20 Assuming that electromagnetic radiation at a number of wavelengths is present in the 
input optical fiber 3, the radiation at the desired wavelengths is selected by means of the 
radio-frequency generator 6 and will be present in the output optical fiber 2. 

The operation of device 10 can be optimized for a particular wavelength by acting 
on the polarization controller 9 in such a way that the radiation travelling along the optical 

25 path between the first output port 205 and the second input port 203 undergoes no 
change of polarization state. The optimization can be made for all wavelengths if no 
overall rotation is assured with polarization-maintaining elements (fibers and isolator) 
between port 205 and port 203. In this case, properly selecting the orientation of the 
connection without using a polarization controller 9 can avoid polarization rotation. 

30 The phase of selection of the wavelength for the device shown in FIG. 1 , which 

uses, for example, the acousto-optical switch 8 shown in FIG. 2, will now be described in 
greater detail. For clarity of description, reference will be made to a particular example in 
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Which the polarization dividers 104 and 105 are of thelypelor which the inco^^^^^ - 
polarization, from any of the optical guides 111, 112. 115, 116 and 113, 114, 117. 118. is 
transmitted along the optical waveguide corresponding to cross transmission (for 
example, for the divider 104. the cross transmission is: 111-116), while the TM 
polarization is transmitted along the optical guide corresponding to bar transmission (for 
example, for the polarization divider 104: 1 1 1 - 115). 

U w il l L l - L v i dcnt t? n p""^"" «-hiipH in thf> art th a t this principle can be extended 

to the case in which the polarization dividers have the opposite behavior (bar 
transmission for TE polarization and cross transmission for TM polarization) to that 
described below. When an appropriate selection signal is applied to the electrodes of 
the transducers 123 and 124. the filter is switched to its on-state and changes to the 
cross transmission condition (cross-state) for the selected wavelengths. In this situation, 
input ports 202 and 203 are connected to the cross output ports, namely 205 and 204, 
respectively. For this purpose, the transducers 123 and 124 generate surface sound 
waves at radio frequency with a drive frequency fRF (approximately 170 ± 10 MHz for 
devices operating at approximately 1550 nm, and 210 ± 10 MHz for those operating at 
approximately 1300 nm). The drive frequency corresponds to the resonant optical 
wavelength where polarization conversion TE - TM or TM - TE takes place for which the 
selection is required. 

The light radiation present at the input fiber 3 enters the first input port 202 and 
reaches the polarization divider 104, where the polarization components TE and TM are 
separated and travel through the optical waveguide branches 116 and 115, respectively. 
The TE and TM components then propagate into the acousto-optical conversion stage 
along the optical fibers 120 and 119, respectively. The polarization components having 
wavelengths different from that desired as the output wavelength (selected by the radio- 
frequency generator 6) pass unchanged through the branches 120 and 1 19 of the 
conversion stage 108 and are then sent to the polarization divider 105 in which they are 
recombined. 

The radiation recombined in this way is sent in the waveguide 106 in such a way 
that it leaves the port 203 in unchanged form. The isolator 7 absorbs this radiation with 
non-selected wavelengths, transmitted from the port 203. However, the TE polarization 
components present at the first input port 202 at the predetermined wavelengths, 
selected by the radio-frequency generator 6, are converted into the orthogonal TM 
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polarization state along the optical waveguide 120. During this conversion, fhe'TE ~ 
electromagnetic radiation is propagated in the opposite direction to that of the sound 
wave generated by the electro-acoustic transducer 124 and therefore, as shown in Table 
1 , it undergoes a frequency shift Af which is of negative sign 

5 Af = Yl - Yl = -fpF (2) 

where yl is the central frequency of the conversion peak for the lower converter L 

corresponding to the wavelength defined aDove, yl" is ihe central frequency of tl'ie 

peak of the converted light at the output of the lower converter L, and fpp is the drive 
frequency of the transducers 123 and 124. 

10 The TM radiation resulting from the conversion is transmitted by the polarization 

divider 105 to the optical waveguide 118 (bar transmission) and then to the first output 
port 205 and through the optical guide 107, of the acousto-optical switch 8. This 
radiation passes through the isolator 7 and the polarization controller 9, undergoing a 
zero rotation of polarization overall. This TM radiation is reintroduced into the same 

15 acousto-optical switch 8 through second input port 203. This radiation with TM 

polarization is sent by the optical fiber 106 within switch 8 to the polarization divider 105, 
which transmits it from the optical waveguide 1 17 to the waveguide 1 14. Along optical 
fiber 119, the radiation with TM polarization passes in the direction opposite to that of the 
sound waves generated by the electro-acoustic transducer 123. 

20 In this acousto-optical interaction, the TM - TE conversion takes place at the 

conversion wavelength of the upper converter U {Xu) and there is a frequency shift with a 
value of: 

A f = V u " vu = +fRF (3) 
where vu is the central frequency of the conversion peak for the upper converter U to 

25 which a wavelength corresponds, and v'u is the central frequency of the peak of the 
converted light at the output of the upper converter U. 

The light then undergoes a first conversion centered on the wavelength X,l and a 
second centered on the wavelength X^. The light is thus converted with a conversion 
function equal to the product of the two conversion functions relating to the two 

30 converters, namely the lower U and the upper L. This conversion function has a center 
wavelength at a wavelength intermediate between the two wavelengths and Xy. 
Applicants have also observed that the total frequency shift Aftot is zero: 
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Aftot = -fRF+fRF = 0. (4) 

For the TM radiation entering acousto-optical switch 8 shown in FIG. 1 through 
the input port 202 analogous ccnsidGrsticns can be made. Then, the overall frequency 
shift Aftot will again be zero. Therefore, in the acousto-optical bandpass filter shown in 
5 FIG. 1 the frequency shift is null. 

In addition, because the TM light will again experience conversion through both 

the filtering function of the two converters upper U and l uwei L, the ov e ra ll c e ntra l 

wavelength of conversion will then be again Xm- That is to say, for the device shown in 
FIG. 1, there is no conversion wavelength difference between the two polarizations and. 
10 thus, no widening of the overall radiation spectra. 

In this configuration, shown in FIG. 1, light performs a double-pass through the 
acousto-optic switch 8. This configuration shows all the advantages of a double-stage 
configuration. Specifically, the filtering performance of the switch 8 is doubled. Starting 
with switch 8 with 20 dB of extinction ratio and 20 dB of sidelobe suppression, one can 
15 obtain a filter with more than 30 dB extinction ratio and more than 30 dB sidelobe 
suppression due to the double passage of the light signal through the single-pass 
transfer function. The passing bandwidth spectrum is reduced to 2/3 of the single-pass 
bandwidth. 

With respect to conventional double-stage devices having a common substrate, 
20 as the one of patent application EP 0814364 A1 , Applicants have experimented with 
varying the temperatures of the stages separately and with providing separate radio 
frequencies for the stages to obtain matching between the stages. In an attempt to 
obtain the optimal thermal condition for the best performance of the overall filter or 
switch, Applicants have controlled separately the temperatures of the two stages with a 
25 precision of about 0.1 ""C. Moreover, another possible approach would be to drive each 
single stage with its own radio frequency. If there is some mismatching between the first 
and second stages, the two radio frequencies must be calibrated separately to assure 
optimal superposition between the filtering curves of the two stages. 

The configuration of FIG. 1 of the present invention, in contrast, has the 
30 advantage of performing double pass through the same filter, whereby matching of the 
characteristics of the first and second stages is automatically guaranteed. Applicants 
have observed that in the configuration of FIG. 1 just one temperature stabilization must 
be performed and there is no need of keeping two temperatures matched. In addition, 
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just one radio frequency is required, and the first and second stage filtering curves are 
always perfectly aligned automatically. In this way, the device of FIG. 1 is much simpler 
to optimize and to use than the traditional one. 

If the polarization rotation, between port 205 and port 203 equals 90° instead of 
zero, frequency shift compensation is still provided, but the wavelength shift of the 
converted polarizations is no longer compensated. Each polarization in fact experiences 
two passaq o G through the g ; amp rnn\/PrtPr , anH cthnwa a filt ft hn n ^"^ ve sliohtlv shifted 
compared with that of the orthogonal polarization. As a result, the overall bandwidth 
results slightly changed. 

When no polarization control is provided, then light can suffer any rotation 
between ports 205 and 203. Therefore, frequency shift compensation is still assured, 
while wavelength shift compensation is not. This results in intermediate performances 
between the best case (0°) and the worst case (90°). 

By means of the polarization controller 9 one can obtain zero rotation, and thus 
wavelength shift compensation for a certain value of wavelength. As this is changed, 
however, dispersion in fibers will alter polarization rotation and compromise wavelength 
shift compensation. Full compensation is provided for any wavelength if zero 
polarization rotation is fixed between ports 205 and 203 by means of polarization- 
maintaining fibers and isolator. 

To summarize, at least three embodiments of the device, corresponding to 
successive improvements, are possible: (1) a device without polarization control between 
port 205 and 203, which provides wavelength-independent frequency shift 
compensation; (2) a device with polarization control between ports 205 and 203, which 
provides wavelength-independent frequency shift compensation and fixed-wavelength 
wavelength shift compensation (device 10 shown in FIG. 1); and (3) a device with 
polarization-maintaining elements between port 205 and 203, which provides both 
wavelength-independent frequency shift and wavelength shift compensations. 

Applicants note that wavelength shift compensation may not be required in some 
circumstances, such as if switch 8 shows negligible non-uniformity of birefringence or if 
the notch depth is not critical. In these cases, the configurations without polarization 
control provide acceptable solutions for frequency shift compensation. 

In the double-stage device of patent application EP 0814364 At, two filters are 
integrated on the same chip. With the configuration of FIG. 1 of the present invention, 
only one filter is integrated on the chip with more space available for it. In this way, the 
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single stages of the configuration of FIG. 1 can be made with higher performances than 
the single stages of the double-stage device of the above-mentioned patent application, 
and the performances of the overall filter are improved. 

In the device of FIG. 1 , the passage of light between the first and the second 
5 stage is exploited by a fiber connection, while in the double-stage single-chip device of 
the above-mentioned application, direct passage occurs through waveguides on the 

rh i p I n<^ fi ^ nf <;witrh ft ran hp rpriur. ed by optimizino the efficiency in the pigtailing 

process for the waveguide-to-fiber connection of FIG. 1 or by using planar-optics or 
micro-optics technology for the connection. 

10 Acousto-optical device 10 of FIG. 1 is suitable for operating as a band-stop filter 

by inverting the direction of the optical isolator 7. In this case, the non-converted light is 
not stopped any more by the isolator, which on the other hand stops the converted light 
coming from output port 205. As a result, the non-converted light is present at output 
port 204 after a double passage in the device. This configuration acts then as a notch 

15 filter. 

This device can operate, as above mentioned, even if no polarization control is 
used. Again, if polarization controller 9 is inserted and polarization rotation between the 
port 205 and 203 is set to zero, the light of each polarization undertakes a passage 
through both converters. Consequently, there is no difference between the wavelength 

20 of conversion for the TE and TM. resulting in perfectly overlapping notch curves. 

Optimization must be done for each value of the selected wavelength. With 
polarization-maintaining elements, moreover, the effect is maintained for ail wavelengths. 
Obviously, there is no frequency shift issues, because the light observed is that which 
has not been converted. This configuration for the band-stop filter shows the same 

25 advantages of the bandpass filter. The filtering performances can be doubled and 

starting with a switch 8 with 20 dB of notch depth, one can obtain a double-stage filter 
with more than 30 dB of notch depth. 

Applicants have observed that the configuration of FIG. 1 (with proper 
polarization control between ports 203 and 205) and compensation of the wavelength 

30 shift between the two polarizations is advantageous because it helps to obtain maximum 
notch depth for light not in the TE or TM polarizations. Moreover, Applicants have found 
experimentally that the device described in the patent application EP 0814364 A1 has a 
notch extinction equal to about 32 dB. On the other hand, the notch and filter 



PC771 21 

characteristics of acousto-optical device 10 of FIG. 1 are diagrammed in FIG. 3B and 
show a notch depth of more than 30 dB. 

The improved performance of device 10 of FIG. 1 are possibly reached due to the 
double passage that occurs single-stage switch 8 (for example, a PIROAS 150-X), which 
5 has better performance than the single stage of the device described in the application 
mentioned above. In fact, the double-stage acousto-optic device being made in a single 

gt i hgfrfltP xA/ith pntnnt i- a i prnhipmc; in thf^ manuf^^ ctuhnQ process cause a decreased 

performance than that achieved for the single-stage device. 

The value of the rotation for each selected wavelength can be optimized 
10 independently by inserting and adjusting the position of polarization controller 9 of the 
type described above until the minimum passing bandwidth, or the maximum depth of 
the notch, is obtained on a suitable Optical Spectrum Analyzer. This adjustment step 
with the polarization rotation can be avoided by using fiber and devices (as the isolator 7) 
with polarization maintenance within the optical path from port 205 to port 203. In this 
15 case, the overall rotation of polarization can be controlled by setting appropriately the 

orientation of the fiber at the connection with the ports 205 and 203, without need for the 
polarization controller 9. 

Further embodiments will be described with reference to figures in which are 
used the same numbering to identify components of the type already mentioned. These 
20 embodiments comprise optical circulators that are optical passive devices having ports 
(three or four in these examples) sequentially ordinate as shown in the following figures 
by an arrow. In general, the radiation entering one of the ports is transmitted towards 
only one of the others ports and, more particularly, the following one in accordance with 
the pre-established direction. Nevertheless, for the last port, according to the sequence, 
25 the entering radiation is not transmitted to a subsequent port. These type of circulators 
are commonly called open circulators. 

Instead, the so-called closed circulators permit the transmission, in a pre- 
established direction, between each port. Closed circulators can be also used by 
property inserting isolators where required. In the following figures, the arrow shows the 
30 fixed direction and connects only the ports between which the transmission is possible. 
An optical circulator suitable to be used in the following embodiments is for 
example an E-tek Model PIFC2TF341000 (four-port circulator) or Model 
PIFC2PR504000 (three-port circulator). However, equivalent devices will be apparent to 
those skilled in the art. 
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In each of the following figures, in every connecting ring onThe backside^onhe 
device is indicated the value of polarization rotation that nnust be provided in the ring to 
allow optimization of performances, that is. wavelength shift compensation. If the value 
of polarization rotation is not explicitly listed, no polarization control is intended, and only 
5 frequency shift compensation is provided. With the indicated polarization control, 
wavelength shift is also compensated for one wavelength at each time. With 

pnhrizati nn-maintaining elements, full compensation is assured for all wavelengths. 

FIG. 4 shows an acousto-optic device 50 of another embodiment of the present 
invention. Acousto-optic device 50 comprises an input fiber 3 connected to a first input 

10 port 202 of an acousto-optic switch 8 piloted by a radio-frequency generator 6. A first 
output port 205 of the acousto-optic switch 8 is optically connected to a port 20 of a 
three-port optical circulator 11, through a polarization controller 9 (if required). The 
optical circulator 11 has a port 30 connected to a fiber 12 and a port 10 connected to the 
second input port 203 of the acousto-optic switch 8. The port 204 of the switch 8 is 

1 5 connected to the fiber 2. 

The device 50 of FIG. 4 is suitable for operating as a drop filter for passing 
selected wavelengths from the device. The radiation at the wavelength to be selected, 
among the radiation entering the device through the fiber 3, is transmitted to the first 
output port 205 of the switch 8, piloted by the radio-frequency generator 6, and thus to 

20 the port 20 of optical circulator 1 1 . The radiation at the selected wavelengths from 

optical circulator 1 1 is transmitted through port 30 to fiber 12. Accordingly, device 50 of 
FIG. 4 performs a one-passage drop filter between the fibers 3 and 12. 

Radiation at wavelengths different from the selected ones is not subjected to any 
polarization conversion in the acousto-optic switch 8 and is transmitted from the first 

25 input port 202 through the second output port 203 to the port 10 of the optical circulator 
1 1 . From the port 20 of the optical circulator 1 1 this radiation is re-inserted in the 
acousto-optic switch 8 and thus is transmitted to the fiber 2. The radiation corresponding 
to the notch output at the fiber 2, thus, experiences two passages in the acousto-optic 
switch 8. 

30 FIG. 5 shows another acousto-optic device 52 in which the first output port 205 of 

the acousto-optic switch 8 is optically connected to the port 10 of the three-port optical 
circulator 1 1 , through a polarization controller 9 (if required). Optical circulator 1 1 has a 
port 30 connected to a fiber 12 and a port 20 connected to the second input port 203 of 
the acousto-optic switch 8. 
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The operation of drop filter 52 of FIG. 5 is analogous to the operation described^in 
reference to device 50 of FIG. 4. For device 52 of FIG. 5, the radiation corresponding to 
the notch output at fiber 12 undergoes one passage in the acousto-optic switch 8. 
Instead, the selected wavelengths that correspond to the drop output at fiber 2 
experience two passages through the acousto-optic switch 8. 

In these last configurations, device 50 of FIG. 4 and device 52 of FIG. 5, are 

I mprnvfiH \ff^r<\nn<; nf thfi ronfigtjratin n s of device 10 shown in FIG. 1. In fact, they 

operate in the same manner, realizing a notch or a bandpass filter with almost double the 
performance of a double-stage integrated device. Compared with device 10, notch filter 
50 of FIG. 4 does not discharge the light of the stopped bandwidth, but makes it 
available on a fiber output at fiber 12 after a single passage through switch 8. In the 
same way, bandpass filter 52 of FIG. 5 does not discharge the light outside the passing 
bandwidth, but makes it available on fiber output 12. Thus, the devices of 50 and 52 
provide a drop filter, that is a device in which both the passing spectra and the light 
outside it are split on different outputs. 

In the configurations of FIGS. 4 and 5, only one of the two outputs exits after a 
double passage through the acousto-optic device, the other exiting after a single 
passage. Because of this configuration, FIG. 4 provides a double-pass notch filter 50 
with single-pass drop recovery, and FIG. 5 provides a double-pass bandpass filter 52 
with single-pass notch recovery. In FIG. 4, the dropped light, coming out after a single 
passage in the device 8, shows equal frequency shifts on the two polarizations. In both 
FIGS. 4 and 5, the single pass output has non-compensated wavelength shift. 

FIG. 6A shows an additional embodiment of the present invention that operates 
as an add/drop filter. The acousto-optic device 54 of FIG. 6A comprises an input fiber 3 
connected to a first input port 202 of an acousto-optic switch 8 piloted by a radio- 
frequency generator 6. A first output port 205 of the acousto-optic switch 8 is optically 
connected, through a polarization controller 9, to a port 20' of a three-port optical 
circulator 11'. The optical circulator 1 1 ' has a port 30' connected to a fiber 12 and a 
port 10' connected to port 30 of the optical circulator 1 1 . Port 20 of the optical circulator 
11 is connected to the second input port 203 of the acousto-optic switch 8, while port 10 
is connected to a fiber 1 3. The port 204 of the switch 8 is connected to the fiber 2. The 
optical circulator 1 1 ' and 1 1 are of the same type before described. 

The radiation at the wavelengths to be selected, among the radiation entering the 
device through the fiber 3, is transmitted to the first output port 205 of the switch 8. 
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Subsequently, the selected wavelengths are passed from the port 20' of opfical 
circulator 1 1 ' to the drop output at the fiber 12 via circulator 11'. Accordingly, device 54 
of FIG. 6A realizes a single-passage drop filter between fibers 3 and 12. 

The radiation at wavelengths different from the selected ones is not subjected to 
5 any polarization conversion in acousto-optic switch 8 and is transmitted from first input 
port 202 through second output port 203 to port 20 of optical circulator 1 1 . From port 30 

Mr Mp li f ; Mi f.i iiMi l ^tnr 11 th i n rnH i mt i nn i c: _<;pnt tn port 10^ a n d from port 20' iS then re- 

inserted in acousto-optic switch 8 and thus is transmitted to fiber 2. The radiation 
corresponding to the notch output at fiber 2, thus, experiences two passages in acousto- 

10 optic switch 8. As mentioned above, polarization controller 9 is not necessary. 

The radiation added from fiber 13 in consequence of a single passage in acousto 
optic switch 8 is sent to fiber 2. The optical isolator 14 is necessary to absorb the portion 
of the radiation introduced at fiber 13 that is not deviated to fiber 2. Radiation of this kind 
can be light outside the selected conversion bandwidth of the acousto-optic device, that 

15 is always driven to port 202 when injected through fiber 13, or the light to be added itself 
(that is inside the conversion bandwidth) when the RF is turned off. 

The optical isolator 14 is not necessary if any of the following cases occur: 1) 
there is no light outside the add bandwidth at input fiber 13 and the light inside the add 
bandwidth is present only when add is turned on; or 2) the presence of light traveling out 

20 of the device at input fiber 3 is not a problem for the device connected to the filter 

through this fiber. The added and dropped light shows uncompensated equal frequency 
shift and uncompensated wavelength shift, coming out of a single passage through 
switch 8. 

FIG. 6B shows an alternative configuration including a closed three-port optical 
25 circulator 1 1 and an open three-port optical circulator 11". No optical isolator is 
employed other than isolator 14. 

FIG. 7 shows another acousto-optic device suitable for operating as add/drop 
filter. This acousto-optic device 56 comprises an input fiber 3 connected, through an 
isolator 14 or similar device, to the first input port 202 of acousto-optic switch 8 piloted by 
30 a radio frequency generator 6. A first output port 205 of acousto-optic switch 8 is 

optically connected to a port 30 of a four optical circulator 15. Optical circulator 15 has a 
port 40 connected to fiber 16 and a port 20 connected, through a polarization controller 9 
(used if required), to second input port 203 of acousto-optic switch 8. Port 204 of switch 
8 is connected to fiber 2. 
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Radiation can be introduced in device 56 of FIG. 7 through fiber 3 ahd.Th ~ 
consequence of one-passage in acousto-optic switch 8, light at the selected wavelengths 
is sent at the drop output port corresponding to fiber 16. The radiation at wavelengths 
different from the selected ones experiences two passages in acousto-optic switch 8 and 
5 is transmitted to notch output port 2. Radiation to be added is introduced at fiber 12, 
connected to optical circulator 15 and passing only once acousto-optic switch 8 is 

[iiji i' ^M i i LLei l tn fib ^ r ? nptir-M icniatnr 14 ha s the same scope of the one of FIG. 6 and 

thus the same considerations can be made. Even in this configuration, the added and 
dropped light, coming out of a single passage, show uncompensated frequency and 

10 wavelength shifts. 

FIG. 8 shows a drop filter 58 performing a double filtering of the selected light by 
a passage through the first acousto-optic switch 8 and a second acousto-optic switch 8' . 
This second acousto-optic switch 8' has ports 202' , 203' , 204' and 205' as shown in 
FIG. 8. The acousto-optic switches 8 and 8' are of the same types above described, 

15 and they are preferably made on the same substrate as the above-mentioned PIRAOS 
ones. The radiation at the wavelengths to be selected from fiber 3 is transmitted by 
optical circulator 1 1 to port 203' of second acousto-optic switch 8' and then through 
port 204' to a fiber 17. The port 204 of first acoustic-optic switch 8 is the notch port of 
the device as above described in reference to the FIG. 1. 

20 In a less preferred embodiment, first and second optical switch are made on 

different substrates. 

With this configuration, a double-pass notch filter with double-pass drop of the 
stopped bandwidth is obtained. Thus, it realizes a notch-drop filter with both notch and 
drop performances doubled with respect to initial switch 8. The configuration for the 

25 notch filter is the same as the one in FIGS. 1 and 4, with all the advantages of frequency 
shift compensation and wavelength shift compensation, if proper polarization control is 
assured. 

in addition, with the device 58 of FIG. 8, it is assured that the notch output, 
experiences a second passage in the same filtering device and under same overall 
30 conditions. For the drop filter, the second passage is performed as in FIGS. 1 and 5, but 
through a "twin" filter preferably integrated on the same chip by the side of the other one 
rather than through the same filter. For the drop aspect of device 58, the frequency shift 
is again compensated, while some wavelength shift remains uncompensated due to the 
technological variations of the birefringence in the second device with respect to the first 
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one. These variations however are much reduced with respect to the double-stage 
device previously described. The two stages for drop are integrated side-by-side at a 
very reduced distance one from the other such that the technological variations can be 
retained below undesired values. In conventional double-stage acousto-optical devices 
5 on a single chip, the two filter stages were cascaded on the same chip, that is, placed 
one after the other along the chip, at a distance much higher than in the configuration of 

F i n n niirh n pr i nr H a c i gn rnntairxs larger tg c hnolooical variations than doeS the 

inventive layout of FIG. 8. The resulting wavelength deviation for the drop for the two 

polarizations then is much lower in the configuration of FIG. 8 than in the conventional 
10 double stage configuration. The integration of multiple acousto-optic filters side-by-side 

on a single chip, like in FIG. 8, minimizes technological problems. 

For the connection from port 30 of the circulator to port 203' of switch 8' , no 

optimal polarization rotation is indicated; in fact, second passage happens through a 

different switch 8' and compensation by polarization rotation is useless. This 
15 configuration then provides a double-pass notch with wavelength shift compensation and 

double-pass drop with frequency shift compensation but some wavelength shift between 

the polarizations. 

One can find it more convenient to have some wavelength shift on the drop curve 
than on the notch curve, so that the notch depth can be maximized. This is the reason of 
20 the set up of the configuration in FIG. 8. However, one can obtain unshifted drop and 

slightly-shifted notch simply by connecting the ports of the circulator in FIG. 8 as they are 
connected in the circulator in FIG. 5, and connecting port 205' instead of port 203' of 
switch 8' . 

FIG. 9 illustrates an add filter 60 having a configuration analogous to device 58 of 
25 FIG. 8. In reference to the FIG. 9, fiber 3 is the add input port, fiber 17 is the notch 
output and the output port of the radiation added; and fiber 2 is the input port of the 
radiation to be filtered. The radiation corresponding to the notch output experiences two 
passages in switch 8, while the added radiation at fiber 2 is subject to a passage in the 
switch 8' and then in the switch 8. 
30 This configuration gives a notch-add filter with both double-pass notch and add 

filters. As for the configuration in FIG. 8, the notch has full compensation of wavelength 
shift while the add has full compensation of the frequency shift but some wavelength shift 
between polarizations. The residual shift is, however, reduced compared with the 
conventional double-stage (cascade) configuration. 
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In FIG. 10 is illustrated an add/drop filter 62 that allows two filtering passages for 
each type of output. This add/drop filter includes three acousto-optic filters 8, 8' , 8" 
preferably made on the same substrate and a four-port optical circulator 22. The 
acousto-optic switch 8" has ports 202'', 204" (connected to a fiber 21), 203" (connected 
5 to the optical circulator 22) and 205". 

Referring to FIG. 10, fiber 3 is the add input, fiber 19 is the input of the radiation 
tn hp filTP>rH(j , f i hP f 9 1 i s II ih drnp nntpi i t, n n ri fi hn r 17 i<^ th p nntr .h a nd add outout. This 
configuration represents a merging of the configurations in FIGS. 8 and 9. It provides a 
full double-stage add/drop filter, with double-stage notch, drop and add filters. All these 

10 three functions can be performed with filtering performances that are nearly doubled 
compared to the integrated switch 8. As in the previous two configurations, notch has 
full compensation of wavelength shift, while add and drop have full compensation of the 
frequency shift but some wavelength shift. The wavelength shift is, however, reduced 
compared to that of the conventional double-stage add/drop filter. 

15 Clearly, the double-stage add/drop illustrated in FIG. 10 compared with the 

conventional double-stage acousto-optic device retains all the advantages that come 
from controlling a single stage (temperature and radio frequency) compared with 
controlling and matching two stages separately (temperatures and radio frequencies). 
These advantages have been addressed above. 

20 With reference to FIG. 1, an alternative way of obtaining wavelength and 

frequency shift compensation exists. This refers to the bandpass filter configuration. If 
the polarization between port 205 and port 203 is rotated by 90°, frequency shift 
compensation is obtained even if the acoustic frequencies, fu and fL on the two 
converters, U and L, are different. Referring for example to polarization TE entering from 

25 port 202, it undergoes conversion to TM in the lower converter L and gets a frequency 
shift: Afi= -ft. After passing from port 205 to port 203, polarization is again TE (with shift 
Afi), and light undergoes a second conversion again in the lower converter L. The 
frequency shift this time is: Af2= +fL. The overall frequency shift is then zero: 

Aftot=Afi + Af2= -fL +fL= 0 (5) 

30 The conversion wavelength difference between the converters can then be 

compensated by driving each of them with its specific radio frequency, so as to obtain 
the same conversion wavelength as the other The conversion happens this way at the 
same wavelength for the two polarizations. This way of operating the device requires 
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two different radio frequency controls but allows both frequency shift and wavelength 
shift compensation. Polarization is controlled between ports 205 and 203. The same 
•Principles ?*s discussed for FIG. 1 can readily be applied to the configurations of FIGS. 4- 
10, as will be readily apparent to one skilled in the art. 
5 The following FIGS. 12-16 depict further embodiments of the present invention 

comprising a single converter acousto-optical device 23. These embodiments are 

S !i i t f i h|Q onhi n w n o il thn nr^^^antaJ^Q n f a double-pass filtering and the frequency shift 

compensation. Compensation of the wavelength shift due to non-uniformity of 
birefringence is in this case possible only for the notch output. 

10 A device 23 suitable for use in the configurations of FIGS. 12-16 is, for example, 

described in the patent US 5,002,349 or in the European patent application EP 0805 372 
(US 08/744 792). The single converter acousto-optical device 23, shown schematically 
in FIG. 1 1 , has only one electro-acoustic transducer 216 (an arrow indicates the acoustic 
wave propagation direction) piloted by a radio frequency generator 6 and two acoustic 

15 absorbers 221. This device comprises input ports 212, 213 and output ports 214, 215. 
In addition, it comprises the optical waveguides 217 and 218 and the polarization beam 
splitter 219, 220. 

The single converter acousto-optic device 23 has some advantages compared 
with the double converter device. With a single converter, the two waveguides that pass 

20 through the same acoustic waveguide can be placed very near one another; so the 

polarization splitter length decreases and a larger portion of the chip can be used for the 
converter. The length of the converter can be then increased, fixed by the chip length, 
and the filter bandwidth can be correspondingly reduced. Using two converters for the 
two polarizations instead forces a longer spacing between the optical waveguides, each 

25 placed in a different acoustic waveguide. The length of the polarization splitter sections 
increases and, fixed by the chip dimension, the allowed length of the converters 
becomes lower. 

Thus, in the single-converter filter the converter can be made longer, and 
therefore with a smaller bandwidth, compared with the double-converter one. On the 
30 other hand, with a single-converter, filter frequency shift equalization can be obtained 

only with double passage, either in two different stages or through the same one, and not 
with a single-passage. The operation of device 23 is analogous to the one described for 
the acousto-optic device 8, but since the acoustic radiation has only one propagating 
direction the frequency shift happens differently. 
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More particularly, the TE radiation at the selected wavelengths entering the 
device 23 is transmitted from the polarization beam splitter 219 to the waveguide 218, 
where the acousto-optical interaction causes a polarization conversion and a frequency 
shift equal to fRp. The TM radiation at the same wavelengths is transmitted from the 
5 polarization beam splitter 219 to the waveguide 217 where the acousto-optical 

interaction causes a polarization conversion and a frequency shift equal to -fpF. The 

frpqiipnry Rhift hf^f ween the two polarizations is thus nonzero after a single passage, a nd 

in particular is twice the frequency of the acoustic wave 2fRF. 

FIG. 12 depicts a pass-band filter 64 comprising the single converter acousto- 

10 optic device 23. The input port 215 of this device is connected through a polarization 

controller 9' and an optical isolator 7 to the input port 213. The polarization controller 9' 
is adjusted in such a way to obtain, in the optical path between the port 215 and 213, a 
polarization rotation of 90°. This configuration performs a double pass of the light 
entering at the fiber 3, and it allows a compensation of the frequency acousto-optic shift. 

15 In this case, polarization control is added to obtain frequency shift compensation. For 
the compensation to hold for any wavelength, polarization-maintaining elements are 
inserted between port 215 and 213. 

FIG. 13 shows a configuration 66 for performing a double-pass notch filter 
between fibers 3 and 2. In this case, polarization controller 9 realizes no polarization 

20 rotation in the corresponding optical path. In this case, no frequency shift issues are 
present (the notch light is unconverted). The polarization is then controlled for 
wavelength shift compensation that in this case is possible. 

FIG. 14 depicts a double-pass drop and notch filter 68 by using two acousto-optic 
filters 23 and 23' preferably manufactured on the same substrate and a three-port 

25 optical circulator 1 1 . The polarization controllers 9 and 9' perform a polarization rotation 
respectively of 0° and 90° for the corresponding optical paths. For this device 68, fiber 3 
connected to the port 212 is the input port of the device, fiber 2 connected to the port 214 
is the notch output, and fiber 17 connected to a port 214' of the acousto-optic device 
23' is the drop output. This configuration provides wavelength shift compensation for 

30 the notch output and frequency shift compensation for the drop output. 

FIG. 15 shows a double-pass add and notch filter 70 analogous to device 68 of 
FIG. 14. More particularly, fiber 3 connected to the port 212 is the add input, fiber 2 
connected to a port 212' is input port, and fiber 17 connected to a port 214' of the 
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acousto-optic device 23' is the notch and add output. Like in FIG. 14, device 70 
provides wavelength shift compensation for the notch output and frequency shift 
comper.ssticn for the add output. 

FIG. 16 depicts a double-pass add/drop filter 72 by using three acousto-optic 
5 filters 23, 23' and 23" preferably manufactured on the same substrate and a four-port 
optical circulator 22. The polarization controllers 9, 9' , and 9" perform a polarization 
rotation respectivel y of 0^ and 90^ fu i II l e correspond i ng opt i cal p a ths — In referen ce to 
FIG. 16, fiber 3 is the add input; fiber 19 is the input of the radiation to be filtered; fiber 21 
is the drop output; and fiber 17 is the notch and add output. Device 72 of FIG. 16 

10 provides wavelength shift compensation for the notch output and frequency shift 
compensation for the add and drop output. 

Without polarization-maintaining elements, the polarization controllers provide the 
means for regulating polarization rotation and achieving compensation for each 
wavelength of operation. Polarization-maintaining elements in the rings on the backside 

15 of the filter allow compensation to hold for every wavelength, once the correct 

polarization rotations are set. Even without polarization control, that is without frequency 
shift compensation, the configurations are still quality solutions for double passage 
through the same device, where frequency shift is not an issue. 

In the configurations described above, based on a device with a single converter, 

20 the converter can be made longer than in the configurations based on two separate 

converters. Such configurations are then capable of narrower bandwidths of the filtering 
curve compared with the configurations with two converters. Applicants have observed 
that for the devices depicted in FIGS. 14, 15, and 16. some variants are possible by 
replacing one or more polarization rotations of 90° for 0*" and inverting a corresponding 

25 number of acoustic wave directions of propagation. For example, a variant of device 68 
in FIG. 14 is obtained using an acousto-optic stage 23' having the transducer in such a 
position as to invert the acoustic wave propagating direction compared to the one shown 
in the FIG. 14 and by adjusting the polarization controller 9' to achieve a polarization 
rotation of 0°. In a similar fashion, for the devices 70 and 72 of FIGS. 15 and 16, it is 

30 possible to realize respectively one and three alternative embodiments. 

The Applicants observe that further configurations are possible following from the 
symmetrical properties of the devices used and are easily deducible from the previous 
figures and the above-mentioned descriptions by those skilled in the art. 
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Further, Applicants note that the reinsertion of the optical signal in the same 
switch and the connection between the optical switches as described can be performed 
not only by means of optical fibers, but also with micro-optic technology. For example, 
the reinsertion optical path can be integrated on a semiconductor substrate suitably 
5 connected at ports 203 and 205 of the switch 8 of FIG. 1 . 

As previously described in reference to the device of FIG. 1 , and also for the 

nthnr nnnfigi irr^trnn*^ niii<;tratPH, thp vali n e of the rotation for each selected wavelength 

can be optimized independently by adjusting the position of the polarization controllers 
until the minimum passing bandwidth, or the maximum depth of the notch, is obtained on 

10 a suitable Optical Spectrum Analyzer. In addition, this adjustment step can be avoided 
by using, for the corresponding optical paths, fiber and devices (as the isolators and 
optical circulators) with polarization maintenance. In this case the overall rotation of 
polarization can be controlled setting appropriately the orientation of the fiber at the 
connection with the acousto-optic filters ports with no need of the polarization controllers. 

15 In this way, the set value of the rotation is maintained even for changes in the selected 
wavelength, with no need for re-optimization 

Among the advantages introduced by the present invention thereby include: (1) a 
configuration simplification shown by a single temperature control (no temperature 
difference between two stages), a single radio frequency control, reduction to half of the 

20 electro-acoustic transducers and of the radio-frequency power with respect to a double- 
stage device, less overall size, narrower bandwidth, and suitability for use as a filter with 
notch output and as add/drop; (2) capability of eliminating the frequency shift and the 
wavelength shift, if necessary, and performing an effective polarization independent 
device; and (3) capability of eliminating the frequency shift even when the radio 

25 frequency on the two converters is different. 

With reference to FIG. 17, a loop laser generator 74 tunable by means of a radio 
frequency will be described. Laser generator 74 shown in FIG. 17 comprises a doped 
fiber optical amplifier 1 having a port connected to an optical splitter 24 and another port 
connected to a portion of fiber 2. The optical splitter 24 is connected to an output laser 

30 fiber 4 and to a second portion of fiber 3. The second portion of fiber 3 is connected to 
an input of a first polarization controller 5 one of whose outputs is optically connected to 
a first input port 202 of an acousto-optical switch 8. This switch 8 is connected to radio- 
frequency generator 6. A first output port 205 of the acousto-optical switch 8 is 
connected to an optical isolator 7, whose output is connected optically to a second 
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polarization controller 9. An output of the second polarization controller 9 is connected to 
a second input port 203 of acousto-optical switch 8. 

A second output port 204 from acousto-optic switch 8 is connected to the first 
portion of fiber 2 leading to the input of the optical amplifier 1 . A suitable doped erbium 
5 (Er) fiber optical amplifier may be, for example, the "Amplifos-OP 980 F" produced by the 
Applicants, or any equivalent apparent to those skilled in the art. 

• The other components of the laser generator shown in FIG. 17 are, for example, 

of the same type as those described previously and are therefore indicated by the same 
numerical references. The optical splitter 24 has, for example, a splitter ratio of about - 
10 20 dB (1% of the power outcoming the amplifiers is transmitted to the laser output fiber 
4). Splitter ratio values different from -20dB can be suitably chosen. Optical splitters 
suitable to be used in the device of FIG. 17 are known and as an example, made by "E- 
TEK." 

The optical amplifying unit used by Applicant in the tested embodiment comprises 

15 input and output optical isolating elements along the optical path for the optical signals. 
Applicants have determined, however, that a laser according to the invention can be 
operated also with an amplifier unit having a single optical isolating (for example, an 
input or an output optical isolator). Alternatively the optical isolating element may be 
arranged external to the optical amplifying unit and coupled along the half-ring 

20 comprising the optical amplifying unit. 

In the framework of the present application, an optical isolating element is a 
device that gives a loss to light propagating in one direction that is significantly greater 
than to light propagating in the opposite direction. In general the losses in the two 
directions must be large enough to reach a net loop gain in one direction only. 

25 The operation of the laser shown schematically in FIG. 17 is as follows. The 

laser shown in FIG. 17 operates by supplying pumping light energy at a wavelength 
capable of exciting to a laser emission state the fluorescent dopant contained in the 
doped fiber (active fiber) of the amplifier 1 , The dopant can decay to a base state from 
this laser emission state, with the emission of a light signal at a predetermined 

30 wavelength, either spontaneously or following the passage through the active fiber of a 
light signal having the same wavelength. This light signal is made to pass through the 
active fiber of the amplifier 1 a large number of times, owing to the configuration of the 
laser cavity, and is therefore amplified a number of times until it reaches a level sufficient 
to overcome the losses. An optical amplifier other than a fiber amplifier can be used, 
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e.g., a semiconductor optical amplifier. As aTesuItT device 74 generates a laser signal^ 
or emission signal, which can be extracted at the output 4. The emission wavelength is 
controlled by means of the acousto-optical switch 8, which in turn is connected to the 
radio-frequency generator 6, and which by interacting with the polarization controllers 5 
5 and 9 enables the radiation at the desired wavelengths to be amplified in the laser loop. 
The phase of selection of the laser emission wavelength by means of the 

acousto-optical switch 8 shown in FIG. 17 will now be described in greater detail. The 

optical path leaving the second output port 204 of the acousto-optical switch 8, and 
comprising fiber 2, amplifier 1, fiber 3, and polarization controller 5, up to first input port 

10 202, will henceforth be referred to as the "left-hand half-loop." The optical path leaving 
first output port 205 of acousto-optical switch 8, and comprising isolator 7 and 
polarization controller 9, up to second input port 203, will henceforth be referred to as the 
"right-hand half-loop." 

In particular, we shall consider an embodiment of the invention in which the first 

15 polarization controller 5 is controlled in such a way that the left-hand half-loop does not, 
overall, introduce any rotation of the polarization of the incoming radiation. As well, 
polarization controller 9 is controlled in such a way that the right-hand half-loop also 
introduces no rotation. This particular embodiment will be referred to for the sake of 
brevity as a 0°-0° laser. 

20 The acousto-optical filter can be different from the acousto-optical switch 8 such 

as, for example, the device described with reference to figure 1 1 . 

Reference will be made to the laser device 76 of FIG. 18, which is similar to FIG. 
17, but in which the degree of rotation of polarization introduced by the two half-loops 
(right-hand and left-hand) is expressly indicated. For clarity of description, reference will 

25 be made to a particular example for switch 8 as detailed in FIG. 2 in which the 

polarization dividers 104 and 105 are of the type for which the incoming TE polarization, 
from any of the optical guides 111,112.115,116 and 1 1 3, 1 1 4, 1 1 7, 11 8, is transmitted 
along the optical waveguide corresponding to cross transmission (for example, for the 
divider 104, cross transmission is from 1 1 1 to 1 16). while the TM polarization is 

30 transmitted along the optical guide corresponding to bar transmission (for example, for 
the polarization divider 1 04: from 1 1 1 to 1 1 5). It will be evident to a person skilled in the 
art that this principle can be extended to the case in which the polarization dividers have 
the opposite behavior (bar transmission for TE polarization and cross transmission for 
TM polarization) to that described below. 
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When an appropriate selection signal is applied to the electrodes of transducers 
123 and 124 of FIG. 2, switch 8 is switched to an on-state and changes to the cross 
transmission condition (cross-state) for the selected wavelengths. In this condition, input 
ports 202 and 203 are connected to the cross output ports, namely 205 and 204, 
5 respectively. For this purpose, transducers 123 and 124 generate two surface sound 
waves at radio frequency with a drive frequency fpF (approximately 174 ± 10 MHz for 

ri <a vjr g c npar - it i nj oi^apprnYimfltP^iy 1 fifiO nm and 210 ± 10 MHz for those operating at 

approximately 1300 nm). This frequency corresponds to the resonant optical 
wavelength at which the polarization conversion TE - TM or TM - TE takes place for a 

10 wavelength of the radiation for which the selection is required. 

As previously described, even if the transducers are fed with the same radio 
frequency, the converted wavelengths in the two converters are slightly different. For the 
acousto-optic conversion in fact holds the relation according to equation (1) above. For 
variations due to the fabrication process, the actual value of the birefringence is different 

15 in the two guides where conversion takes place for the two polarizations. With the sound 
wavelength (the radio frequency) the same, what results is a different conversion 
wavelength, Xu and Xi for the two converters, upper U and lower L. The difference AX.= 
\X\j-Xt\ is normally in the order of 0.2 nm. The two converted polarizations are present 
then at the filter output with slightly shifted spectra, which normally causes a light 

20 widening of the overall filtering curve. In the case of a laser, for which the linewidth is 

much narrower, then the filter curve of the acousto-optic device is localized near its peak, 
and the presence of two oscillating wavelengths can be determined, one for each 
polarization, shifted by the AX indicated before. 

In the configuration which has just been discussed, the light radiation, after 

25 having passed through the left-hand half-loop without undergoing net changes in 

polarization, enters the first input port 202 and reaches the polarization divider 104. At 
this point, the TE and TM polarization components are separated and pass through the 
optical waveguide branches 116 and 115, respectively, and are then propagated into the 
acousto-optical conversion stage along the optical fibers 120 and 119, respectively. 

30 The polarization components that have wavelengths different from that which is 

required to be the emission wavelength of the laser (selected by means of the radio- 
frequency generator 6) pass unchanged through the branches 120 and 1 19 of the 
conversion stage 108. These components are then sent into the polarization divider 105, 
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where they are recombined. The radiation recombined in this way is sent in the 
waveguide 106 in such a way that it leaves the port 203 in unchanged form. The isolator 
7 absorbs this radiation with non-selected wavelengths, transmitted from the port 203. 
However, the TE polarization components present at the first input port 202, at 
5 the predetermined wavelengths, selected by the radio-frequency generator 6, are 
converted into the orthogonal TM polarization state along the optical waveguide 120. 

nuring this conversion the TE electromagnetic radiation is propagated in the opposite 

direction to that of the sound wave generated by the electro-acoustic transducer 124 and 
therefore, as shown in Table 1 , it undergoes a frequency shift of the light which has a 

1 0 negative sign, Af l = -fRp. 

The TM radiation resulting from the conversion is transmitted by polarization 
divider 105 to optical waveguide 118 (bar transmission) and then, through optical guide 
107, to first output port 205 of acousto-optical switch 8. First, consider the optimized 
condition. Radiation passes through isolator 7 and polarization controller 9 without 

15 undergoing a net change of its polarization state. This TM radiation is reintroduced into 
acousto-optical switch 8 through second input port 203. This radiation with TM 
polarization is sent by optical fiber 106 to polarization divider 105. Divider 105 transmits 
it from optical waveguide 1 17 to waveguide 114 from which it is propagated along optical 
fiber 1 19 in the opposite direction to that of the propagation of the sound waves 

20 generated by electro-acoustic transducer 123. This acousto-optical interaction results in 
the TM - TE conversion and a positive frequency shift of the light having a value of Afy = 
fRF. To summarize, the TM radiation entering the polarization controller 5 has 
undergone, in this pass through the laser loop, an overall frequency shift of: 

A tot = Af L + Af u = -fpF + fRF = 0, (6) 
25 and is present at the second output port 204 as radiation with TE polarization. 

From here, the TM radiation passes through the left-hand half-loop again, 
passing through the optical amplifier and the polarization controller 5, and is reintroduced 
into the acousto-optical switch 8 at the input port 202 without having undergone a net 
change of polarization. Overall, therefore, during the phase of selection of the emission 
30 wavelength of the laser no frequency shift is introduced for each double pass of the 
radiation through the filter. 

Further embodiments of the invention are shown in FIGS. 19, 20 and 21. 
According to another embodiment, with reference to FIG. 19, the left-hand half-loop, 
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comprising polarization controller 5, does not introduce any rotation overall for laser 
device 78, while the right-hand half-loop, comprising polarization controller 9, introduces 
a rotation of 90° overall. This embodiment will be referred to for brevity as a 0*'-90° laser. 
The operation of this laser is similar to that of the 0°-0° laser described above, and will 
be evident to a person skilled in the art. 

With this configuration, when a TE type radiation enters first polarization 

rn ntr n l lpr T j th^r p wil l hn TP typp roH i -^t i nn ctpr.nnd niitpiit port 9 04 of acQUstO-OPtical 

switch 8, with a zero frequency shift after two passes through the laser loop, i.e., two 
double passages through acousto-optical switch 8. 

FIG. 20 shows a laser configuration 80 of the 90°-0° type, that is, one in which 
the left-hand half-loop introduces a rotation of 90° overall and the right-hand one 
introduces a rotation of 0° in the polarization. With this configuration, when a TM type 
radiation enters polarization controller 5, there will be TM type radiation at second output 
port 204 of acousto-optical switch 8, with a zero frequency shift after two passes through 
the laser loop. i.e. two double passages through acousto-optical switch 8. 

The configurations described in FIGS. 18-20 force light to pass alternatively 
through the two converters U and L. The overall filter characteristic therefor becomes 
the product of the two filter characteristics, shifted by AA of the two polarizations, and 
will therefore become the same for the original TE and TM light. These configurations 
completely compensate even for the converted wavelength shift AA between the two 
polarizations, allowing laser oscillation just on a single line, the same both for TE and TM 
polarizations. 

For the particular embodiment of device 82 shown schematically in FIG. 21 , both 
the right-hand and the left-hand half-loops introduce a rotation of 90° overall in the 
polarization of the radiation passing through them, giving a 90°-90° laser configuration. 
As may be easily seen from FIG. 21 and from what has been stated previously, this 
again makes it possible to obtain full compensation of the frequency shifts after a 
complete pass through the laser loop, in other words a double passage through acousto- 
optical switch 8. 

On the other hand, in the arrangement 82 of FIG. 21 each polarization passes 
always through the same converter, so the wavelength shift is not compensated. 
Applicants have observed that the configurations relating to FIGS. 19, 20, and 21 are 
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suitable to compensate the frequencies shifted due to the acousto-optic interaction also ^ 
when the radio frequencies of transducers 124 and 123 are different. 

The present invention introduces numerous advantages over the prior art. The 
Applicants have observed that the compensation of the frequency shift introduced in the 
5 acousto-optical interaction takes place in a precise way in the laser according to the 
invention in the embodiments shown in FIGS. 18-21. In fact, the passage of light in the 

rnnwrtP^rQ 1 1 anH I takfiR pla ce more than once and with directional characteristics whi ch 

ensure that each of the two polarizations has the same number of shifts, which have 
values equal to the acoustic frequency but of opposite sign. 

10 The device according to the invention has all the advantages deriving from the 

double passage performed by the filter and listed before. By eliminating the frequency 
shift, stable laser oscillation is achieved. The sum of frequency shifts, at any round of 
the light signal in the laser ring, may cause the signal spectra to move in a region of the 
amplifier gain that does not enable the laser operation. 

15 Applicants have found experimentally that when the components (e.g. all the 

fibers, optical amplifier 1 , isolator 7, optical splitter 24) in the left and right half-rings are 
not polarization maintaining, polarization rotation does not remain optimized as the 
wavelength is changed. This is due to the dispersion properties of the material of the 
optical fiber. The change in the refractive index leads to a change in the way the fiber 

20 rotates the polarization. This determines, as the laser is tuned, a periodical splitting of 
the single-line spectrum in a double-line spectrum, and competition between the two 
polarizations leads to irregular periodical variation of the tuning curve from the ideal one, 
as will be shown below. 

Polarization-maintaining fibers and components (for example, optical amplifier 1, 

25 isolator 7, optical splitter 24) should avoid such an occurrence. Polarization-maintaining 
optical splitters are available, for example, from E-TEK. Polarization-maintaining active 
fibers for optical amplifier 1 are available, for example, from Lucent Technologies. In 
such a realization, represented in FIG. 22, there is no need for polarization controllers. 
The desired polarization rotation in the two half-rings can be obtained simply by proper 

30 choice of the orientation of the fiber at its connections with the waveguides of the 
integrated filter. 

The acousto-optic switch 8 can be set to select more than one wavelength simply 
by applying the corresponding set of radio frequencies. Thus, in the laser ring more than 
one wavelength can be selected, and each of the selected wavelengths can be tuned 
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independently from the others. With the configurations pTo'posed, ifis ttTerrpossibTe'tb " 
select and independently tune multiple lines for the laser oscillation. The effective 
continuous oscillation of the laser on the multiple lines depends only on the gain 
characteristics of the optical amplifier. With a suitable gain behavior in the wavelength 
5 range of interest, the laser could then act as a multi-line source, in which each laser line 
is tuned independently from the other ones. 

The acQusto-optic filter itself can add multi-wavelength oscillation. For example, 

the transmission of each of the selected wavelengths can be varied, by varying its radio 
frequency power, to equalize the net gain for the wavelengths. The equalization should 
10 then be controlled during the tuning of each wavelength. 

Applicants have constructed a laser according to the disclosed invention and 
have conducted experimental tests, which are reported below. 
Experimental tests: 

A laser as shown in FIG. 17 was constructed, in which it was possible to change 
15 the rotation of polarization introduced into the two half-loops by means of the polarization 
controllers 5 and 9. The tests were repeated for three samples of acousto-optical filters 
PIRAOS-150 X. These samples are named SI, S2, and S3. The other devices used 
were those specified previously. In particular, the optical isolator was such that it 
introduced losses of 34 dB for radiation at wavelengths not selected by switch 8. 
20 The laser loop had the following structural characteristics: estimated length of 

loop 20 m; measured losses in the loop 15 dB (without Er losses); and output coupling - 
21.6 dB (0.7%). The acousto-optical device was optimized to operate at a temperature 
of 40°C. 

As a result of measurements with a power meter, the following power 
25 characteristics of the laser source were noted: laser output power; -10 dBm (0.1 mW); 
and estimated power in the cavity; 1 1.6 dBm (14.5 mW). The time characteristics were 
measured by connecting a photodiode detector for the 15 GHz band to the output fiber 4, 
followed by an electrical spectrum analyser and an oscilloscope. The emission was 
observed continuously, with polarized light. Random amplitude modulations of the 
30 output signal were observed, which were presumably due to instability in the laser loop. 

The spectral characteristics were evaluated with an optical spectrum analyser 
and a scanning Fabry-Perot filter. The laser source according to the invention was made 
to oscillate in a number of modes, with rapid jumps between groups of modes. The 



PC771 



39 



oscillation band was found to have a width of approximately 4 GHz, whileThe width of 
each individual line was 60 MHz. 

FIG. 23 shows the envelope of the oscillating peak measured with an optical 
spectrum analyser (OSA). The wavelength of the peak varies with time, oscillating within 
5 a range of approximately 0.15 nm, which corresponds to a variation with time of the 
conversion frequency of approximately 20 kHz, as can be seen in FIG. 24. Those can 
hg> rnngiHpred good Stability characteristics. The stability of the emission peak appears 
to depend on the variation of the polarization along the optical paths that lead from the 
second output port 204 to the first input port 202 and from the first output port 205 to the 
10 second input port 203. Therefore, stability appears to be related to the state of the two 
polarization controllers 5 and 9. 

Applicants have observed that for certain conditions of the polarization controllers 
5 and 9 the peak appears as described (stable condition). When the state of even one of 
the controllers is changed, the shape of the peak becomes irregular and two distinct 
15 peaks, approximately 0.18 nm apart, take shape (less stable condition; shown in FIG. 
25), By varying the state of the controllers, it is possible to change in a regular way from 
the one-peak to the two-peak condition. 

Measurements were also made in order to evaluate the tuning characteristics of 
the laser source. A typical tuning curve obtained by varying the radio frequency in the 
20 PIRAOS-150X acousto-optical switch 8 is shown in FIG. 26. 

FIG. 27 shows the corresponding variation of the output power of the laser. The 
laser was found to be continuously tunable throughout the gain band of erbium (namely 
from 1522 nm to 1565 nm), in other words throughout the gain band of the dopant of the 
active fiber of the amplifier 1 , but any extension to larger bandwidths is possible. The 
25 theory of polarization conversion by acousto-optical interaction predicts an inverse 

relationship between the acoustic frequency and the conversion wavelength. Applicants 
have observed experimentally that the variation of the emission wavelength as a function 
of the acoustic frequency can in fact be interpolated satisfactorily from a curve of the 
type: 

30 ^ (7) 

J ac 

The values of the constants A and B appear to depend slightly on the acousto-optical 
device used and they are always nearly the same. Table 2 below shows the values 
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found for the two constants using the three samples of the acousto-opticaTfiTter PIRAOS- 
150X, S1, S2, S3: 

TABLE 2 



Type of filter 


A 

[MHz X nm] 


B 
[nm] 


Standard 
deviation of 
the residue 










S1 


245651.2 


120.8653 


0.089 


S2 


244130.7 


136.597 


0.087 


S3 


244924.8 


130.9938 


0.109 


mean 


244902.2 


129.4854 


0.095 


standard 
deviation 


760.5012 
(0.31%) 


7.973592 
(6.16%) 


0.012 
(12.6%) 



5 The standard deviation of the residue signifies the standard deviation (root mean 

square) of the difference between the measured values and the values on the theoretical 
curve. The deviation of the experimental data from the interpolation curve, shown in 
FIG. 28, represents the "non-ideality" of the tuning process for the device in question in 
which the S2 filter has been used. 

10 It was noted that, when the radio frequency varied, while the wavelength of the 

peak was shifted, there was a progressive loss of stability of the peak, which could be 
recovered by re-optimizing the state of the polarization controllers. Attention was 
focused on the curve of the deviation of the tuning process from the ideal case. This 
condition is shown as a function of the emission wavelength in FIG. 28. 

15 In FIG. 28, it is possible to distinguish two superimposed "disturbances": a slow 

variation (of the order of 15 nm); and a fast variation (from 2 nm to less than 1 nm) and 
very irregular trend. The slow variation is due to the fact that the erbium gain curve is 
not flat, but has a peak and a small dip. The product of the gain curve and the filtering 
curve determines the emission wavelength. In the resulting curve, the peak is shifted 
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further with respect to that of the filtering curve as the slope oflhe^gain CLrrve~increases ~ 
at the peak (the peaks of the gain curve "attract" the oscillation peak). When passive 
filters are introduced into the loop, the shape of the gain curve changes and the trend of 
the long-term modulation follows the variations as expected. It therefore appears that 
5 this component of the deviation from the ideal tuning curve is intrinsic to the emission 
process and that correcting the shape of the gain curve can eliminate it. 

The fast variation appears to be related to changes in the polarization of the ligh t 

in the loop. As described above, the devices of FIGS. 18, 19, and 20 allow achieving no 
wavelength difference between the two polarizations. Applicants have determined that 

10 these three configurations are those corresponding to the most stable condition of the 
laser, the one with only one emission peak shown in FIG. 23. 

In the fourth configuration, depicted in FIG. 21, each polarization is converted 
twice in the same converter, so that the filtering curves for TE and TM appear shifted. 
This configuration appears to be associated with the less stable condition, with two 

15 separated emission peaks, as shown in FIG. 25. As to the tuning characteristic, the 
existence of the wavelength shift for certain polarization configurations and the 
dispersion properties of the common fibers is responsible for the periodic variation 
shown in the deviation curve of FIG. 28. 

As the laser is tuned, i.e. the wavelength selected by the acousto-optic device is 

20 changed, the polarization rotation in the two rings of the laser structure is changed, due 
to refractive index changes in the fibers. The configuration then gradually changes and 
wavelength shift between polarization components is introduced, resulting in the 
modulation of the tuning curve. The modulation is due to the progressive hopping of 
laser wavelength from one line to the other corresponding to the two different • 

25 polarizations as the shift is introduced. The periodic nature of the modulation is due to 
restoring of the initial polarization condition as the deviation of polarization rotation 
approaches 360°. 

As can be easily understood, this periodic modulation could be avoided if the two 
half-rings are designed not to change globally the state of polarization of light when 
30 wavelength is tuned. This can be obtained by using all polarization-maintaining fibers, 
which do not show polarization effects as wavelength is changed, both with a 
polarization-maintaining optical amplifier, optical splitter, and isolator. All these devices 
are readily available to those of skill in the art, and the configuration can be effectively 
set up. 
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With both half-rings built by polariz^tion-maintaiTiing^eTements^;^^^ 
expected to operate in the most stable condition, in any of the configurations: 0°-0°, 0°- 
90°, 90°-0°. However, stable operation and elimination of the fast variation in the tuning 
curve could be reached also with only the right-hand half-ring being polarization 
5 maintaining. The left-hand half ring can be left without polarization control, provided the 
right-hand one gives an overall polarization rotation of 0*". In this case, the laser 

ft ctn iii flt P R g i r. t i innH h fi tw P>ft n nonfigurat i nng 0^-0^ and fln^-n° The se configurations, as 

previously described, both provide no wavelength shift and thus give a stable emission 
condition (single peak). 

10 However, in the 0°-0° configuration one passage of light in the ring (double 

passage through the switch 8) is required for a round trip, while in the 0°-90° 
configuration, two passages are necessary. The laser then shifts between conditions 
with different numbers of round-trip passages. Because of this, the embodiment with the 
polarization maintenance only in the right-hand half-ring is expected to be slightly less 

15 stable than the one with polarization maintenance on both half-rings. Polarization 

rotation of 90"" in the right-hand half-ring together with no polarization maintenance in the 
left-hand one, is less preferred because it could lead to a 90°-90° configuration and to 
instability. 

To summarize then, progressively improved embodiments of the present 
20 invention provide numerous advantages compared with conventional arrangements and 
include: (1) no polarization control in the two half-rings, which provides good tuning 
performance of the laser but can generate periodic instability (two peaks) and periodic 
"fast" modulation of the tuning characteristic; (2) polarization maintenance only in the 
right-hand half-ring with polarization rotation of 0°, which provides good tuning 
25 performance with no periodic "fast" modulation of the tuning curve, but not complete 
stability; and (3) polarization maintenance in both half-rings, with configuration 0°-0° or 
0°-90° or 90°-0°, which provides good tuning performance with no periodic "fast" 
modulation of the tuning curve and high laser stability. 

Applicants have measured the tuning deviation curves for the laser with the SI 
30 and S3 filters. The behavior of the various acousto-optical filters used appears to vary 
only in the amplitude of the maximum deviations (but in a limited way) and in the interval 
of the periodicity of the highest peaks in the fast variation. As it has been seen, these 
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differences could be attributable to the different value of the wavefength~shift of the light" 
converted in the two polarization conversion regions. 

To improve the laser performances, some directions can be followed. First, the 
laser gain curve can be flattened, by using special active materials or optical flattening 
5 filters. Second, the stability can be improved by reducing the discontinuities at the fiber- 
filter and fiber-fiber connections, in order to reduce back reflection at the connections. 

Third, th^ ^r^vity 'g^n gth nan be reduced, to allow a lower number of longitudinal mo des to 

be activated. Also, some laser parameters, such as the output coupling and pump 
power, can be optimized, to allow optimal working condition for the laser. 

10 It will be apparent to those skilled in the art that various modifications and 

variations can be made to the system and method of the present invention without 
departing from the spirit or scope of the invention. For example, the add/drop 
configurations are intended to be merely exemplary of preferred embodiments, and not 
exhaustive. The present invention covers the modifications and variations of this 

15 invention provided they come within the scope of the appended claims and their 
equivalents. 
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WHAT IS CLAIMED IS : 

1 . A double-passage acousto-optical device, comprising: 

an acousto-optical switch including first and second polarization conversion 
regions both coupled between first, second, third, and fourth optical ports; and 

an optical combination coupled between the second and third optica! ports and 
■ I nnhjd l ng n n npt ira l l<;nlat ing filpmpnt . 

2. The double-passage acousto-optical device of claim 1 , further comprising: 
a first optical splitter positioned between the first and fourth optical ports and the 

first and second polarization conversion regions, the first optical splitter having cross and 
bar transmission respectively for orthogonal polarization components of received light. 

3. The double-passage acousto-optical device of claim 2, further comprising: 
a second optical splitter positioned between the second and third optical ports 

and the first and second polarization conversion regions, the second optical splitter 
having cross and bar transmission respectively for orthogonal polarization components 
of received light. 

4. The double-passage acousto-optical device of claim 3, further comprising 
a polarization controller coupled in series with the optical isolating element. 

5. The double-passage acousto-optical device of claim 3, wherein the optical 
combination is polarization-maintaining. 

6. The double-passage acousto-optical device of claim 1 , further comprising: 
an upper transducer within the acousto-optical switch acoustically coupled to the 

first polarization conversion region and coupled to an RF source, the upper transducer 
generating a first acoustic wave in the first polarization conversion region having a 
characteristic frequency determined by the RF source. 

7. The double-passage acousto-optical device of claim 6, further comprising: 
a lower transducer within the acousto-optical switch acoustically coupled to the 

second polarization conversion region and coupled to the RF source, the lower 
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transducer generating a second acoustic wave in the second polarization conversion™ 
region having the characteristic frequency with a propagation direction opposite to a 
propagation direction of the first acoustic wave. 

5 8. The double-passage acousto-optical device of claim 6, wherein the first 
and second polarization conversion regions are positioned in sufficient proximity that the 
f ir ^t f^ ' ^^ ' f ' tr ^"f-iw n trn^/nif- in hnth thf^ f irst and second polarization conversion regions. 

9. The double-passage acousto-optical device of claim 1, wherein the optical 
10 isolating element is an optical circulator having at least three ports. 

10. The double-passage acousto-optical device of claim 9, further comprising: 
another acousto-optical switch coupled to the optical circulator and being 

constructed on a same substrate as the other acousto-optical switch. 

15 

11. A tunable laser generator using an acousto-optical device, comprising: 
an acousto-optical switch including first and second polarization converters 

coupled between first, second, third, and fourth optical ports; 

a first optical half-ring coupled between the first and fourth optical ports and 
20 including an optical amplifier; 

a second optical half-ring coupled between the second and third optical ports and 
including an optical isolating element; 

a laser output coupler positioned within one of the first and second optical half- 
ring. 

25 

12. The tunable laser generator of claim 1 1 , wherein the first half-ring includes 
an optical isolating element. 

13. The tunable laser generator of claim 12, wherein one of the first half-ring 
30 and the second half-ring consist of polarization-maintaining elements. 

14. The tunable laser generator of claim 12, wherein one of the first half-ring 
and the second half-ring includes a polarization controller. 
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1 5. The tunable laser generator of claim 12, wherein both the first half-ring 
and the second half-ring include a polarization controller. 

16. The tunable laser generator of claim 12, wherein the optical amplifier 
5 comprises an erbium-doped fiber optical amplifier. 

— 17 A mRthnH nf filtering an optical frequency using an acousto-optical devic e, 

comprising the steps of: 

providing at least one acousto-optical switch including first and second 
10 polarization conversion regions coupled between first, second, third, and fourth optical 

ports; 

injecting an input optical signal having a plurality of wavelengths into the first 
optical port; 

feeding-back an intermediate optical signal including a subset of the plurality of 
15 wavelengths from the second optical port to the third optical port via an optical isolating 
element; and 

extracting an output optical signal including the subset of the plurality of 
wavelengths from the fourth optical port. 

20 18. The method of claim 17, further comprising, after the injecting step, the 

steps of: 

splitting the input optical signal into TE and TM initial components within a first 
optical splitter on the switch; 

passing the TE initial component to the first polarization conversion region; 
25 passing the TM initial component to the second polarization conversion region; 

orthogonally converting the TE initial component of the input optical signal having 
a selected frequency to a TM intermediate component in the first polarization conversion 
region; and 

orthogonally converting the TM initial component of the input optical signal having 
30 the selected frequency to a TE intermediate component in the second polarization 
conversion region. 

19. The method of claim 17, further comprising, after the feeding-back step, 
the steps of: 
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splitting the intermediate optical signal into TE and TM feedback components 
within a second optical splitter on the switch; 

passing the TE feedback component to the first polarization conversion region; 
passing the TM feedback component to the second polarization conversion 

5 region; 

orthogonally converting the TE feedback component having the selected 

fro q ii nnry tn n TM fincii r.nmpnnpnt in the first Dolarization conversion region; and 

orthogonally converting the TM feedback component having the selected 
frequency to a TE final component in the second polarization conversion region. 

10 

20. The method of claim 17, further comprising the step of: 
coupling the input optical signal to the first optical port from the fourth optical port 
via an optical amplifier. 




ABSTRACT OF THE DISCLOSU RE 

A double-passage acousto-optical device including an acousto-optical switch 
having a first polarization conversion region connected between first input and output 
ports, and a second conversion region connected between second input and output 
5 ports; and an optical combination connected between the first output port and the second 
input port via optical fibers and including an optical isolating element. The double- 

paQgagp> annufito-optical device may alternately include an acousto-optical switch 

including a single polarization conversion region connected between first input and 
output ports and also connected between second input and output ports. A bandpass 

10 filter, a notch filter, and add/drop and a tunable laser generator may be formed using the 
acousto-optical device. 
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